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Our current knowledge of cosmic star-formation history during the
first two billion years (corresponding to redshift z > 3) is mainly
based on galaxies identified in rest-frame ultraviolet light 1. How-
ever, this population of galaxies is known to under-represent the
most massive galaxies, which have rich dust content and/or old stel-
lar populations. This raises the questions of the true abundance
of massive galaxies and the star-formation-rate density in the early
universe. Although several massive galaxies that are invisible in the
ultraviolet have recently been confirmed at early epochs 2,3,4, most
of them are extreme starbursts with star-formation rates exceed-
ing 1000 solar masses per year, suggesting that they are unlikely
to represent the bulk population of massive galaxies. Here we re-
port submillimeter (wavelength 870 µm) detections of 39 massive
star-forming galaxies at z > 3, which are unseen in the spectral re-
gion from the deepest ultraviolet to the near-infrared. With a space
density of about 2×10−5 per cubic megaparsec (two orders of mag-
nitudes higher than extreme starbursts 5) and star-formation rates
of ∼200 solar masses per year, these galaxies represent the bulk
population of massive galaxies that have been missed from previ-
ous surveys. They contribute a total star-formation- rate density
ten times larger than that of equivalently massive ultraviolet-bright
galaxies at z > 3. Residing in the most massive dark matter halos
at their redshifts, they are probably the progenitors of the largest
present-day galaxies in massive groups and clusters. Such a high
abundance of massive and dusty galaxies in the early universe chal-
lenges our understanding of massive-galaxy formation.
Observations of galaxies across cosmic time have revealed that
more massive galaxies have assembled their stellar masses at earlier
epochs, with a significant population of massive ellipticals already in
place at redshifts z ∼ 3 − 4 6,7,8. The early assembly of these massive
galaxies has posed serious challenges to current galaxy formation the-
ories. Understanding their formation processes requires studies of their
progenitors formed at even higher redshifts. However, most currently
known high-redshift galaxies, including mainly Lyman-break galaxies
(LBGs) and few extreme starbursts, are found inadequate to account for
the large population of these early formed ellipticals, due to either low
stellar masses and star formation rates, SFRs (for LBGs 9) or low space
densities (for the extreme starbursts). This suggests that the main pro-
genitors of massive galaxies at z > 3 remain to be found. Identification
of these currently missing massive galaxies is key to our understanding
of both massive-galaxy formation and the cosmic SFR density in the
early universe.
The main targets of this study are a population of galaxies that are
Spitzer/Infrared Array Camera (IRAC)-bright yet undetected in even
the deepest near-infrared (NIR: H-band) imaging with Hubble Space
Telescope (HST), that is, H-dropouts. (Throughout this Letter we use
the short form “Telescope/Instrument” to represent usage of a partic-
ular instrument on a particular telescope.) In total, we have identified
63 H−dropouts with IRAC 4.5-µm magnitude, [4.5], less than 24 mag,
within a total survey area of ∼ 600 arcmin2 in deep CANDELS fields
with typical depth of H > 27 mag (5σ)(Fig. 1, Extended Data Table
1, Methods). Although previous studies have shown that these bright
and red IRAC sources are promising candidates for massive galaxies
at 10,11 z > 3, confirming their nature has been difficult so far owing to
the limited sample size, the poor resolution of Spitzer and the lack of
multiwavelength information. Here we explore their nature with high-
resolution, 870 µm continuum imaging with the Atacama Large Mil-
limeter/submillimeter Array (ALMA). With only 1.8 min of integra-
tion per object, 39 of them (detection rates of 62%) are detected down
to an integrated flux of 0.6 mJy (4σ, Extended Data Fig. 1, Extended
Data Table 2). Their 870-µm fluxes range from 0.6 mJy to 8 mJy, with
a median of S 870 µm =1.6 mJy (Extended Data Fig. 2). Hence most
of them are fainter than the 2-mJy confusion limit of the single dish
instruments that discovered submillimeter galaxies (SMGs), and much
fainter than most SMGs studied until now with typical 12 S 870 µm & 4
mJy. The sky density of these ALMA-detected H-dropouts is approxi-
mately 5.3 × 102 deg−2 after correction for incompleteness (Methods),
two orders of magnitude higher than Herschel/SPIRE-selected extreme
starbursts (with SFR & 1000 M yr−1) 3,5.
The ALMA detections confirm unambiguously that most of the
H-dropouts are dusty star-forming galaxies at high redshifts, consis-
tent with their admittedly uncertain photometric redshifts–from op-
tical spectral energy distribution (SED) fitting–with median redshift
zmedian = 4 (Extended Data Fig. 3). Further insights into their proper-
ties are obtained from the stacked infrared (IR) SED of the 39 ALMA-
detected H-dropouts from MIPS 24 µm up to ALMA 870 µm. The
stacked SED peaks between the observed 350 and 500 µm (Extended
Data Figure 3), consistent with being at z ∼ 4. With a median stel-
lar mass of M∗ ∼ 1010.6M and a characteristic IR luminosity (over
8−1000 µm) of LIR = 2.2±0.3×1012L (L, solar luminosity) derived
from the stacked SED, these ALMA-detected H-dropouts are fully con-
sistent with being normal massive star-forming galaxies at 13 z = 4
(Fig. 2). Moreover, the ALMA detections also provide crucial con-
strains on the redshift of individual galaxies. Combined with SCUBA-2
450 µm and VLA 3 GHz data, the majority of the ALMA-detected H-
dropouts exhibit red S 870µm/S 450µm and S 1.4GHz/S 870µm colors that are
suggestive of redshifts of z > 3 (Extended Data Fig. 4). Similarly,
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Figure 1 | Example images and UV-to-NIR SEDs of H-dropouts. Top three rows, images of five H-dropouts obtained in three different spectral bands-HST/F160W
(top row), IRAC 4.5 µm (second row), and ALMA 870 µm (third row). The H-dropouts, named in the top row, were selected randomly from the parent sample, with
all but the last one (COS-27392) detected with ALMA. Each image is 12′′ × 12′′; see scale bar in bottom right image. Bottom row, the measured UV-to-NIR SED
(squares) and best-fit stellar population synthesis models (red lines). The error bars are 1 σ. The filled and open squares indicate photometric points with measured
signal-to-noise ratio (S/N) above and below 3, respectively.
the non-detections at 24 µm (5σ detection limit of 20 µJy) for most
of the sources implies red S 870 µm/S 24µm colors that are also consistent
with z > 3 assuming typical SED templates 14. We hence conclude
that whereas the estimated redshifts for individual galaxies exhibit a
large uncertainty, all the available data points to the ALMA-detected
H-dropouts being massive, dusty star-forming galaxies at z > 3.
For the remaining approximately 40% of H-dropouts that are not
detected with ALMA, photometric redshift estimates based on their
optical SEDs suggest a similar redshift distribution to that of ALMA-
detected ones, with zmedian = 3.8(Extended Data Figure 2). Their
stacked ALMA 870 µm image yields a 6σ detection with S 870µm =
0.24 ± 0.04 mJy, approximately 8 times lower than that of ALMA-
detected ones, suggesting lower specific SFRs compared to ALMA-
detected ones, which is also confirmed by a full fitting of the stacked
optical-to-IR SEDs (Extended Data Fig. 5).
Spectroscopic confirmation of H-dropouts has been so far lim-
ited to a few sources, which are all found at z > 3. Most of
these confirmed cases are extreme SMGs with S 870µm & 10 mJy, for
example 2.,HDF − 850atz = 5.18. An H-dropout galaxy with submil-
limeter flux similar to that of our sample (S 744µm = 2.3 ± 0.1 mJy)
has been recently confirmed 15 to be at z = 3.709: it was discovered
serendipitously near a quiescent galaxy at the same redshift 6. By tar-
geting 3 H-dropouts in our sample that show significant excess (> 4σ,
Methods) in Subaru medium bands in the optical (∼ 3500-6000 Å) with
VLT/X-shooter, we have successfully detected Lyman-α for two of
them and confirmed their redshifts to be z > 3 (z = 3.097 and z = 5.113,
Extended Data Fig. 6). These spectroscopic redshifts (zspec are in good
agreement with their photometric redshift (zphot) based on UV-to-NIR
SED fitting, with σ∆z/(1+zspec) ∼ 0.1.
Having established that most of the H-dropouts are massive galax-
ies at z > 3, we now derive their contribution to the cosmic SFR density
and stellar mass function. Whereas populations of similarly red galaxy
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Figure 2 | Stellar masses and star formation rates of H-dropouts. The red
filled and open circles represent respectively the ALMA-detected and ALMA-
undetected H−dropouts. For comparison, a sample of LBGs at z = 4 − 6 from the
ZFOURGE survey 22 and bright z > 3 SMGs (S 870µm > 4.2 mJy) from the ALESS
survey are also shown 23. The stellar masses for the ALESS SMGs are reduced by
0.3 dex to account for the systematic differences caused by the different methods
used in mass estimation. The grey solid and dashed lines indicate respectively the
star-forming main sequence (MS) at z = 4 and its 1σ scatter 24. The SFRs for
ALMA-detected H-dropouts are derived from the 870-µm fluxes assuming their
intrinsic far-infrared SED resembles that of the stacked one. Error bars are 1σ.
The SFRs for ALMA-undetected H-dropouts are derived from UV-to-NIR SED
fitting with an additional constraint of SFR > 1 M yr−1, for which error bars
represent the 16th and 84th percentiles of the distribution obtained in the Monte
Carlo simulations (Methods), the same as that for stellar mass estimates.
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Figure 3 | Contribution of H-dropouts to the cosmic SFR density and the stellar mass function. a: Plot of cosmic star-formation-rate density, ψ, versus redshift z.
The black line indicates the current known total cosmic star-formation history, which is based on LBGs at z & 4 (’All LBGs’, blue open triangles 17). Red filed circles
(’Massive H-dropouts’), ALMA-detected H-dropouts with M∗ > 1010.3M. Purple fileld pentagons, the ALESS SMGs (S 870µm > 4.2 mJy) 12, whose contribution
to the SFR density peaks at z ≈ 2.5. Blue filled triangles (’Massive LBGs’), the SFR density (based on dust-corrected UV) for the brightest/massive LBGs with
M∗ > 1010.3M, based on the latest determination of the UV luminosity functions 25. Filled orange squares, the SFR density from H-dropouts ([4.5] < 24 and
H − [4.5] > 2.5) in semi-analytical models 19, which are identified from a K-selected mock catalog (K < 27) from a total area of 75.36 deg2. Error bars, s.d. assuming
Poisson statistics. b: Number fraction of massive galaxies from the H-dropout sample and ZFOURGE catalogues that are detected either as LBGs (blue filled triangles)
or H-dropouts (including both ALMA-detected and ALMA-undetected ones; red filled circles) averaged over z = 3.5 − 6.5. Red open circles, the total contribution of
red galaxies, including both H-dropouts and those non-H-dropouts that have similar red colors (H − [4.5] > 2.5) selected from ZFOURGE at 3.5 < z < 6.5.
populations are known to exist at lower redshifts 16, these largely over-
lap with the stellar-mass-limited sample used to estimate the SFR den-
sity at z < 3. Assuming that the intrinsic infrared SED of the ALMA-
detected H-dropouts is the same as the SED derived from stacking, the
SFR density of ALMA-detected H-dropouts (in 10−3M yr−1 Mpc−3)
reaches about 2.9, 2.1, and 0.9 at z = 4, 5, 6, respectively, or approx-
imately 1.6×10−3M yr−1 Mpc−3 when averaged over the three bins
(Fig. 3). This corresponds to about 10% of the SFR density from LBGs
at similar redshifts 17. However, if we focus only on LBGs with masses
similar to those of H−dropouts with M∗ > 1010.3M, the SFR densities
of H−dropouts are one to two orders of magnitude higher, demonstrat-
ing that H-dropouts dominate the SFR density in massive galaxies. This
dominance is further reflected in the stellar mass functions, as shown
in Fig. 3. The fraction of H-dropout becomes progressively higher at
higher masses. At M∗ & 1010.5M, the number density of H-dropout
surpasses that of LBGs. Moreover, if we also include galaxies detected
in H−band but which show similar red colors (H − [4.5] > 2.5, Ex-
tended Data Fig. 7) 8,11, they make up more than than 80% of the most
massive galaxies at z > 4. Taken together, these results suggest that the
majority of the most massive galaxies at z > 3 have indeed been missed
from the LBG selection, and are optically dark.
To put the H-dropouts in the context of the cosmic evolution of
massive galaxies, we probe their clustering properties through their
cross-correlation with H-detected galaxies at 3.5 < z < 5.5 from
the CANDELS survey in the same three fields (Extended Data Fig. 8,
Methods). The derived galaxy bias, that is, the relationship between the
spatial distribution of galaxies and the underlying dark matter density
field, for the H-dropouts is b = 8.4 ± 1.5, corresponding to a dark mat-
ter halo mass of Mh ∼ 1013±0.3h−1M at z = 4 (Fig. 4, Methods). This
halo mass of H-dropouts is consistent with them being progenitors of
the most massive quiescent galaxies at z = 2− 3, as well as progenitors
of today’s ellipticals that reside in the central region of massive groups
and clusters.
The discovery and confirmation of these H-dropouts as massive
galaxies at z ≈ 3 − 6 alleviates greatly the tension between the small
number of massive LBGs at z > 3 and the rapid emergence of massive
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Figure 4 | Clustering properties and halo masses of H-dropouts. Shown is
the galaxy bias of ALMA-detected H-dropouts (red star) and its comparison to
other populations, including the brightest LBGs (’Massive LBGs’; blue triangles)
at z ∼ 4 − 5 (ref. 26), massive passive galaxies (’Passive galaxies’: purple squares)
with M∗ > 1010.5M at z = 2−3 (ref. 27), local massive ellipticals with L = 2−4L∗
(’Ellipticals’; dark-red-shaded region) and clusters (’Clusters’; grey-shaded re-
gion). Error bars, 1σ estimated from Poisson statistics. Filled dark-blue and light-
blue triangles denote massive and more typical (L∗) LBGs with UV magnitudes
of MUV ≈ −22 and MUV ≈ −20.5, respectively. Dotted lines, the corresponding
galaxy bias for fixed halo mass (labelled) at different redshifts 28; dashed line, the
evolutionary track 29 for galaxies with the same galaxy bias as H-dropouts. The
descendants of H-dropouts are consistent with massive ellipticals at z ∼ 2 − 3 and
today’s most massive galaxies residing in massive groups and clusters.
3
(and quiescent) galaxies at z ≈ 2 − 3. Assuming an average redshift of
z ≈ 4 and SFR ≈ 220 M yr−1, these H-dropouts will grow in stellar
mass by 1.3×1011M before z ∼ 3. Their number density, n ∼ 2×10−5
Mpc−3, is also comparable to that of the most massive, quiescent galax-
ies at z ∼ 3 with 18 M∗ > 1011M. The early formation of such a
large number of massive, dusty galaxies is unexpected with current
semi-analytical models 19, which underestimates their density by one
to two orders of magnitude (Fig. 3). Similarly, a deficit of such galax-
ies is also present in hydrodynamic simulations, which contain no such
galaxies at z > 3 in mock deep fields (∼ 23.5 arcmin2) from the Illus-
tris Project 20. Moreover, even considering LBGs alone, the number of
massive galaxies already appears too large when compared to the num-
ber of massive halos at z > 4 predicted 21 by our current understanding
of galaxy evolution in the Lambda Cold Dark Matter (LCDM) frame-
work. Together, this unexpected large abundance of massive galaxies in
the early Universe suggests that our understanding of massive-galaxy
formation may require substantial revision. Spectroscopic follow-up of
the whole population of H-dropouts would be key to providing further
insights into this question, which calls for mid-infrared spectroscopy
with James Webb Space Telescope in the near future.
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METHODS
Here we give details of the multi-wavelength observations and the
estimation of physical properties of sample galaxies. Throughout we adopt
a Chabrier initial mass function 30 and the concordance cosmology with
ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1. All magnitudes are in the
AB system.
1 Observations
1.1 Selection of H−dropouts and incompleteness correction We have
crossmatched the F160W-selected catalog from the three CANDELS fields
(Table 1) with an IRAC 3.6 and 4.5 µm selected catalog 31 from the SEDS
survey. The SEDS survey covers the three fields of H-dropouts to a depth of
26 AB mag (3σ) at both 3.6 and 4.5 µm and is 80% complete down to [4.5] ∼
24 mag. We first matched sources with [4.5] < 24 mag in the SEDS catalog
to the F160W-selected catalog and identified those without H-band coun-
terparts within a 2” radius (corresponding roughly to the PSF size of IRAC
3.6 and 4.5 µm). This 4.5 µm magnitude cut was applied to enable suffi-
cient color range to identify extremely red objects while keeping a complete
4.5 µm selected sample. We then visually inspected the IRAC images and
excluded sources whose flux is contaminated by bright neighbors as well as
those falling on the edge of the F160W image. With knowledge of their posi-
tions, some of these H-dropouts are marginally detected in the F160W band
but exhibit extended profiles and are unidentifiable as real sources without
that prior knowledge. This left us 63 sources with 2 of them serendipitously
detected in previous band-7 continuum observations with ALMA.
The criterion of no HST counterparts within 2” radius ensures a clean
selection of H-dropouts with reliable constrains of IRAC fluxes. However,
given the high density of HST sources in these deep fields, the chance prob-
ability of an IRAC-HST coincidence (with distance < 2”) is non-negligible
. This means that we may have missed some H−dropouts simply due to the
presence of a random HST source falling within the 2” search radius of the
IRAC source. To correct for this effect, we calculate the completeness of this
selection approach, which is defined as at a given position the probability of
finding zero galaxies in the 2” radius, p(n = 0) = exp(−N ∗ pi∗ radius2), with
N representing the surface density of HST sources. Averaging over the three
CANDELS fields yields N = 0.05 arcsec−2, implying p(n = 0) = 0.53. This
suggests that while our approach yields a clean selection of H−dropouts,
roughly half of the true H−dropouts have been missed simply due to chance
superposition of sources, which needs to be corrected. In fact, this complete-
ness correction is consistent with recent findings from a blind ALMA survey,
which reveals four H-dropouts (with [4.5] < 24) that were not picked up by
our approach within an area of 1/3 of the GOODS-South filed 32,33, in com-
parison to 12 sources selected by our approach in the whole GOODS-South
field. Among these four sources, 3 of them have at least one HST counterpart
within 2” (with the remaining one absent from our IRAC catalog, which is
shallower than the one used in 32), which is inconsistent with being the right
counterpart of the ALMA emission based on the redshift and other physical
properties. Albeit with small number statistics, this implies a completeness
of our searching approach of ∼ 57%, consistent with our estimated value.
In addition to this correction, we need to also correct for the incomplete-
ness of the IRAC imaging from the SEDS survey, which ranges from 93%
at [4.5] =22 to 75% -80% at [4.5] = 24 in the three fields. Combining the
two corrections, a factor of 2 to 2.4 has been applied to the number density
(including also star formation rate and stellar mass density) of H-dropouts
depending on their IRAC fluxes.
1.2 Multiwavelength photometry In each field, we gathered mosaics in a
large number of bands, including all the images used to build the 3DHST 34
and ZFOURGE 22 catalogs. All our galaxies therefore had rich and deep
photometry from the UV to the NIR, reaching typical 5σ depths (AB) of 27
in u to i, 26 in z to H, and 25 in Ks. We provide the full detail of the used
mosaics below.
For GOODS-South, we used VLT/VIMOS images in the U and R
bands 35, ESO/WFI images in the U, U38, B, V, R, I bands from Ga-
BoDS 36, CTIO/MOSAIC image in the z band from MUSYC 37, Subaru im-
ages in 15 medium bands from MUSYC 38, Hubble images in the F395W,
F606W, F775W, F8514W, F850LP, F105W, F125W, F160W bands from
GOODS and CANDELS programs 39,40,41, VLT/ISAAC images in the J,
H, Ks bands 42, CFHT/WIRCam images in the J and Ks bands from TE-
NIS 43, Magellan/FOURSTAR images in the J1, J2, J3, Hs, Hl, Ks bands
from ZFOURGE 22, a VLT/HawK-I image in the Ks band from HUGS 44,
and Spitzer IRAC images from SEDS 31.
For UDS, we used a CFHT/Megacam image in the u band produced
by the 3DHST team 34, Subaru images in the B, V, R, i, z bands 45, Hub-
ble images in the F606W, F814W, F125W, F140W, F160W bands from the
CANDELS and 3DHST programs 41,46, UKIRT/WFCAM images in the J, H,
K bands from UKIDSS 47, Magellan/FOURSTAR images in the J1, J2, J3,
Hs, Hl, Ks bands from ZFOURGE 22, VLT/HawK-I images in the Y and Ks
bands from HUGS 44, and Spitzer IRAC images from SEDS 31 and SpUDS
(PI: J. Dunlop).
For COSMOS, we used CFHT/Megacam images in the u and i
bands from CFHTLS 48, Subaru images in the B, g, V, r, i, z bands
as well as 10 medium bands 49, Hubble images in the F606W, F814W,
F125W, F140W, F160W bands from the CANDELS and 3DHST pro-
grams 41,46, CFHT/WIRCam images in the H and Ks bands 50, Mag-
ellan/FOURSTAR images in the J1, J2, J3, Hs, Hl, Ks bands from
ZFOURGE 22, VISTA/VIRCAM images in the Y, J, H, Ks from UltraVISTA
DR3 51, and Spitzer IRAC images from SEDS 31 and S-COSMOS 52.
The photometry was obtained with a procedure very similar to that pre-
viously used in deep surveys 22,46, which we summarize here. Fluxes in
UV-to-NIR were extracted on re-gridded and PSF-matched images in fixed
apertures of 2′′ diameter. Because of the broader PSF in Spitzer images,
fluxes in the IRAC bands were extracted separately, with a 3” aperture and
without PSF matching. The asymmetric IRAC PSF was rotated to match
the telescope roll angle for each field. Prior to extracting the fluxes, all the
neighboring sources within a 10” radius were subtracted from the images.
This was done by identifying the sources from a stacked detection image,
and using the HST F160W profile of each source as a model. These models
were convolved by the PSF of each image, where they were fit simultane-
ously using a linear solver. Most often the dropouts were not found in the
stacked detection image, and were therefore modeled as point-sources at the
coordinates of their IRAC centroid during the de-blending stage. Once the
flux was extracted, additional ”sky” apertures were placed randomly around
each dropout. The median flux in these sky apertures was subtracted from the
dropout’s flux, to eliminate any remaining background signal, while the stan-
dard deviation of these fluxes was used as flux uncertainty. Lastly, fluxes and
uncertainties were aperture-corrected using the matched PSF’s light curve,
assuming point-like morphology.
1.3 ALMA observation and data reduction Our ALMA band-7 con-
tinuum observations of H-dropouts are performed during January and July
2016. The observations were centered on the IRAC positions with a spectral
setup placed around a central frequency of 343.5 GHz. While we asked 0.7′′-
resolution observation for all the three fields, only the CANDLES-COSMOS
field was observed as requested, yielding a synthesis beam of 0.6 × 1′′. The
other two fields were observed at 0.2-0.3′′ resolution. The integration time is
roughly 1.8 mins per object with a total observing time of ∼2 h. We reduced
the data using the CASA pipeline (version 4.3.1). To reach an homogeneous
angular resolution, we tapered the baselines for these two fields to an an-
gular resolution of 0.6′′. This resolution corresponds to ∼ 4 kpc at z = 4,
compared to typical sizes of ∼2 kpc for SMGs 53.
We measured the total flux of all our targets directly in the (u, v) plane
using the uvmodelfit procedure from the CASA pipeline. The sources were
modeled with a circular Gaussian profile of variable total flux, centroid,
width, axis ratio and position angle. 39 H-dropouts are detected at S/N> 4
with S 870µm > 0.6 mJy, including two galaxies that were serendipitously de-
tected in a previous ALMA program 54 targeting H-detected z ∼ 4 galaxies,
which has reached similar depth as this observation. The positions of the 870
µm emission as measured from ALMA are in good agreement with IRAC,
with ∆RA=0.081±0.128′′ and ∆DEC= -0.13±0.16′′.
1.4 SCUBA-2 450 µm and VLA observations One of the three H-
dropout fields, CANDELS-COSMOS, is covered by deep SCUBA-2 450
µm and 870 µm observations from the STUDIES survey 55. Previous ob-
servations with JCMT/SCUBA-2 at the same region 56,57,58 have also been
combined to produce an extremely deep 450 µm image and a confusion-
limited 850 µm image. The instrumental noises at 450 µm and 850 µm at the
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deepest regions reach ∼0.65 mJy and ∼ 0.1 mJy, respectively.
The SCUBA2-450 µm and -850 µm fluxes for H-dropouts are measured
at the position of the IRAC 3.6 and 4.5 µm emission with the prior-based
PSF-fitting code FASTPHOT 59. We further restrict all the extracted fluxes to
be positive with bounded value least-square minimization. During the fit we
have included all the MIPS 24 µm- and VLA detections as priors to perform
source extraction. The VLA 3 GHz observation in COSMOS 60 reaches a
rms of 2.3 µJy/beam at an angular resolution of 0.75′′, which is deep enough
to put useful constraints on their redshifts. The flux measurement for H-
dropouts in the far-IR suffers minimum source confusion due to our selection
criterion (no close neighbours within a 2′′ radius). A comparison of 870 µm
fluxes measured by ALMA and SCUBA-2 yields excellent agreement with
a median value of SALMA/S SCUBA−2 = 1.05.
1.5 X-SHOOTER spectra In the COSMOS field, deep medium band im-
ages in the optical were obtained with the Subaru telescope 49. We visually
inspected these images at the location of each dropout in our sample and
found three galaxies with flux excesses in one of these images, with a sig-
nificance above 4 sigma. Examples are shown on Extended Data Figure 6.
Such flux excess can be interpreted as coming from a bright emission line 61.
For these three dropouts, the line could be identified as Lyα at z = 5.0, 3.2
and 4.1, respectively. Even though H-dropouts are typically very obscured,
Lyαmay still be detected through un-obscured sight lines, or by scattering 62.
Judging from the spatial offsets of about 1′′ we observed between this opti-
cal flux excess and the Spitzer–IRAC or ALMA emission, scattering appears
to be the most plausible explanation.
We thus followed up these objects with VLT/X-SHOOTER to confirm
the presence of an emission line. Each dropout was observed in May 2018
in the UVB and VIS arms for 50 minutes in stare mode (no nodding), split in
three exposures. The 2D spectra were reduced using the standard pipeline,
and 1D spectra were produced by fitting a Gaussian profile to each spectral
slice. Uncertainties were controlled by computing the standard deviation of
spectral elements in regions without sky lines; we found that the 1D uncer-
tainty spectrum had to be rescaled upwards by a factor 1.27 to match the
observed noise.
We then searched for emission lines in the spectra, considering only the
wavelength range covered by the Subaru medium band in which the flux ex-
cess was previously identified. The result of this search is displayed on Ex-
tended Data Figure 6. We found a 10σ detection at 0.498µm for the dropout
32932, corresponding to zspec = 3.0971 ± 0.0002, and a more marginal
but still significant 4.3σ detection at 0.739µm for the dropout 25363, cor-
responding to zspec = 5.113+0.001−0.005. Because our search space is tightly limited
by the Subaru passband, the latter only has a 0.4% chance of being spurious,
and we therefore consider it a reliable detection. The third dropout showed
no significant line emission above 2σ.
1.6 Lyman-break galaxy selection In order to compare the properties of
H−dropouts and LBGs 63, we have selected LBGs using the ZFOURGE
catalogs in the same three CANDELS fields 22. The advantage of the
ZFOURGE catalog is that it is essentially a K s−band selected catalog, for
which the deep Ks band data provides critical constraints on the redshift and
stellar masses estimates at z > 4. We select our z = 4 − 6 LBG galaxy
sample using the selection criterion in 64. Due to the lack of B-band data
from HST, the z ∼ 4 LBG sample is only limited to GOODS-South field
while the z ∼ 5 and z ∼ 6 LBG sample include galaxies from all the three
fields. To enable a clean selection of galaxies with reliable flux density mea-
surements, we have further limited the selection to galaxies with use = 1 as
recommended 22. This reduces the effective area to 132.2, 139.2, and 135.6
arcmin2 for GOODS-South, COSMOS, and UDS, respectively. To identify
total SFRD from massive LBGs with M∗ > 1010.3M, we utilized the lat-
est determination of the UV luminosity function at z ∼ 4 − 6 25. Taking
into account variations in the M∗ − MUV relation, this mass cut corresponds
to MUV < [−21.55,−22.04,−22.27] at z = [4, 5, 6], respectively. We then
derive the dust-corrected SFR for these brightest UV-selected galaxies fol-
lowing the approach in ref. 17.
2 Determination of Physical Properties
2.1 Stacked UV-to-NIR SEDs To produce the stacked UV-to-NIR SEDs,
we took the fluxes of each galaxy in our photometric catalog and normal-
ized them by their respective IRAC 4.5 µm flux. We then computed the
mean flux in each band, using inverse variance weighting, and finally mul-
tiplied the resulting stacked fluxes by the average 4.5 µm flux of the stacked
sample. In the stack, we combined bands that have similar effective wave-
lengths, even though the true passbands could be slightly different; for ex-
ample we stacked together all the Ks bands from UKIDSS, UltraVISTA,
FOURSTAR, WIRCam, and ISAAC into a single Ks band. The uncertain-
ties on the stacked fluxes were derived by formally combining the uncertain-
ties of each stacked galaxy. We note that, since we obtained our photometry
using fixed-size apertures, this method is strictly equivalent to stacking the
images.
2.2 Photometric redshift and stellar mass determination Using the
aforementioned multiwavelength photometry, including bands with formal
non-detections, photometric redshifts were computed with EAzY 65 using
the full set of template SEDs, namely, including the old-and-dusty template
and the extreme emission line template. The prior on the observed mag-
nitudes was not used. Using these redshifts, we then ran FAST 66 to esti-
mate the stellar masses. We assumed a delayed-exponentially-declining star-
formation history, with a range of age and exponential timescale. Dust atten-
uation was modeled with the 67 prescription, allowing AV up to 6 magnitudes.
Metallicity was fixed to solar during the fitting. We also used the infrared lu-
minosities inferred from the ALMA fluxes to further constrain the fits. This
was implemented as follows. From the stacked Herschel SED (see Figure 3),
we measured the mean dust temperature of our sample: Tdust = 36.7±2.1 K.
Based on Herschel and ALMA observations of z > 2 galaxies 13, we expect
a typical scatter of 5 K around the average temperature at any given red-
shift. Assuming this distribution of temperatures holds for the dropouts, we
generated probability distributions for LIR using a Monte Carlo procedure:
the measured ALMA flux was randomly perturbed with Gaussian noise of
amplitude set by the flux uncertainty, and the dust temperature was drawn
from a Gaussian distribution centered on 36.7 K and with a width of 5 K;
the resulting dust SED was then used to extrapolate LIR from the ALMA
measurement. For galaxies whose ALMA flux has S/N < 2, the resulting
probability distribution of LIR was close to Gaussian, while for the detec-
tions the probability distribution was close to log-normal. We modeled these
two regimes accordingly in the fit, by assuming either Gaussian noise on
LIR or log10(LIR), respectively. The observed infrared luminosity was then
compared to the modeled value, which we computed as the difference of
bolometric luminosity before after applying dust attenuation. This resulted
in an additional contribution to the χ2, which was then used for standard
model selection.
Uncertainties on the photometric redshifts were derived from the 16th
and 84th percentiles of the probability distribution produced by EAzY. This
accounts for uncertainty in the photometry as well as on the model galaxy
templates. Uncertainties on the derived physical parameters, including the
stellar mass, were derived using Monte Carlo simulations, where the ob-
served photometry was randomly perturbed with Gaussian noise of ampli-
tude determined by the estimated photometric uncertainties. This was re-
peated 200 times. The error bars on physical parameters were then derived
from the 16th and 84th percentiles of the distribution of the values obtained
in the Monte Carlo simulations. For each fit, the redshift was left free to
vary within the 68% confidence interval reported by the photometric red-
shift code. Therefore the resulting error bars account for uncertainties on the
photometry and on the redshift.
2.3 Clustering measurements Since the number of H-dropouts is small,
we calculate two-point angular cross-correlation function (CCF) with a
much larger population of galaxies sharing the same cosmic volume (red-
shifts) in order to enhance the statistics. Specifically we select all the galax-
ies with 3.5 < z < 5.5 from the H-selected catalog in the same three CAN-
DELS fields (“the galaxy sample”, hereafter), and then calculate CCF using
the estimator as follows 68:
ω(θ) =
HG(θ) − HR(θ) −GR(θ) + RR(θ)
RR(θ)
(1)
where HG, HR, GR, RR are Hdropout-galaxy, Hdropout-random, galaxy-
random and random-random pair counts respectively. The random galaxy
sample are created within the same CANDELS footprint as the H-dropouts
(we exclude HUDF in the GOODS-S field because of its much deeper inte-
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gration than other regions). The uncertainties of CCF are estimated as:
∆ω(θ) =
1 + ω(θ)√
HG(θ)
. (2)
We then fit the derived CCF with a power-law model:
ω(θ) = Aωθ−β − IC, (3)
where Aω is the correlation amplitude and β is the power-law index fixed to
0.8 and IC is the integral constraint. Integral constraints is an offset due to
the clustering measurement over the limited area and is calculated by
IC =
∑
RR(θ)Aωθ−β∑
RR(θ)
. (4)
The derived correlation amplitude can be converted to three-dimensional
correlation length r0 by Limber equation 69 modified by 70 for the cross-
correlation.
The correlation length is related to galaxy bias b, such that
σ28,gal =
72
(3 − γ)(4 − γ)(6 − γ)2γ
(
r0
8 h−1Mpc
)γ
(5)
and
b =
σ8,gal
σ8(z)
, (6)
where σ8,gal is a galaxy fluctuation, γ = 1 + β, and σ8(z) is a matter
fluctuation 71. The halo mass is then derived from the estimated galaxy
bias 28.
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Extended Data Table. 1 | Survey depths for each field
Field Area WFC3/F160W (5σ) H-dropouts ALMA-detected ALMA-undetected
arcmin2 ([4.5] < 24) (S 870µm > 0.6 mJy) (S 870µm < 0.6 mJy)
CANDELS-GDS 184 H < 27.4–29.7 12 10 2
CANDELS-UDS 202 H < 27.1–27.6 33 14 19
CANDELS-COSMOS 208 H < 27.4–27.8 18 15 3
9
Extended Data Table. 2 | Physical properties of H-dropouts
ID R.A. Decl. [4.5] S 870µm z Log M∗
(J2000) (J2000) (mJy) M
GDS-25526 03:32:47.97 -27:54:16.4 22.05 8.34±0.18 4.74+0.28−0.30 10.84+0.05−0.17
GDS-27571 03:32:30.62 -27:42:24.3 22.44 0.82±0.16 4.64+0.19−1.64 10.89+0.04−0.48
GDS-40613 03:32:11.44 -27:52:07.1 23.17 1.83±0.18 3.04+0.22−0.35 10.64+0.02−0.22
GDS-43215 03:32:20.34 -27:42:28.8 23.02 1.52±0.16 2.91+0.19−0.22 10.25+0.03−0.53
GDS-44539 03:32:28.59 -27:48:50.2 23.41 0.69±0.10 4.22+0.77−0.67 10.94+0.03−0.31
GDS-47375 03:32:14.62 -27:43:06.0 23.48 1.89±0.12 3.60+0.66−0.66 10.27+0.13−0.12
GDS-48764 03:32:32.31 -27:54:26.9 23.31 2.54±0.42 5.16+3.08−1.73 10.38+0.51−0.03
GDS-48885 03:32:47.17 -27:45:25.1 23.57 0.87±0.11 4.62+0.19−0.17 10.56+0.02−0.08
GDS-49094 03:32:31.85 -27:43:12.7 23.59 0.89±0.13 3.69+0.29−0.28 10.29+0.10−0.05
GDS-52734 03:32:10.10 -27:50:33.1 24.06 1.41±0.15 5.13+1.72−1.18 10.71+0.17−0.21
GDS-54513 03:32:04.99 -27:41:56.5 23.71 <0.6 4.33+0.32−0.37 10.30
+0.00
−0.37
GDS-58560 03:32:40.11 -27:42:55.3 23.85 <0.6 5.35+2.33−2.18 10.58
+0.39
−0.43
COS-16199 10:00:25.41 +02:25:43.9 21.96 3.91±0.09 6.54+1.43−1.54 10.90+0.14−0.27
COS-19762 10:00:15.89 +02:24:45.9 22.94 4.35±0.10 3.52+5.36−0.19 10.79+0.88−0.08
COS-23718 10:00:28.95 +02:25:05.3 22.82 2.25±0.10 5.77+0.80−0.88 11.02+0.13−0.24
COS-23913 10:00:23.03 +02:21:55.0 22.87 1.63±0.09 3.65+0.35−0.29 10.65+0.10−0.11
COS-24466 10:00:38.07 +02:28:06.2 23.22 1.38±0.09 3.35+0.39−0.38 10.37+0.34−0.26
COS-25270 10:00:23.62 +02:13:57.4 23.47 <0.6 3.78+0.55−0.56 10.48
+0.04
−0.20
COS-25363 10:00:26.68 +02:31:26.2 23.15 3.0 ±0.2 5.113+0.001−0.005 10.52+0.09−0.19
COS-25881 10:00:27.03 +02:24:24.0 22.96 1.30±0.10 6.58+1.43−1.38 11.12+0.17−0.30
COS-27285 10:00:27.79 +02:25:52.2 23.74 1.58±0.09 4.32+0.23−0.22 10.31+0.14−0.06
COS-27392 10:00:27.98 +02:25:29.7 23.42 <0.6 3.61+0.51−0.49 10.38
+0.11
−0.08
COS-30182 10:00:14.70 +02:28:01.7 23.08 1.59±0.09 6.37+1.16−2.15 10.94+0.22−0.28
COS-30614 10:00:14.69 +02:30:04.6 23.39 0.85±0.10 3.97+0.19−0.29 10.22+0.04−0.14
COS-31278 10:00:26.09 +02:12:31.6 23.36 0.93±0.09 3.37+0.43−0.35 10.14+0.13−0.15
COS-31483 10:00:46.50 +02:23:09.1 23.89 0.70±0.11 2.97+0.40−0.41 9.91+0.13−0.13
COS-31661 10:00:41.83 +02:25:47.0 23.28 2.88±0.12 3.72+0.17−0.19 10.36+0.05−0.20
COS-32409 10:00:15.84 +02:23:04.0 23.66 0.70±0.11 3.91+1.66−1.16 9.87+0.48−0.06
COS-32932 10:00:22.44 +02:23:41.1 23.22 <0.6 3.0971+0.0002−0.001 9.96
+0.15
−0.11
COS-34487 10:00:35.34 +02:28:26.7 23.36 4.3 ±0.15 3.15+0.52−0.60 10.18+0.26−0.20
UDS-24945 02:16:59.77 -05:11:52.8 22.16 <0.6 3.50+0.76−0.61 10.76
+0.22
−0.11
UDS-29006 02:17:05.52 -05:08:45.8 22.71 <0.6 3.79+0.54−0.53 10.46
+0.12
−0.21
UDS-31037 02:18:07.67 -05:13:26.8 22.58 1.83±0.13 3.62+0.70−0.65 10.49+0.26−0.07
UDS-31072 02:17:43.32 -05:11:57.4 22.29 3.63±0.25 4.20+4.17−0.44 11.31+0.33−0.09
UDS-31959 02:18:11.36 -05:16:23.7 22.98 <0.6 3.88+0.68−0.73 10.22
+0.19
−0.14
UDS-34637 02:18:05.80 -05:11:23.1 22.89 1.07±0.37 2.84+0.54−0.44 10.33+0.16−0.17
UDS-37344 02:18:02.86 -05:15:05.4 23.36 <0.6 2.89+1.43−1.48 10.18
+0.08
−0.63
UDS-37423 02:18:10.02 -05:11:31.5 23.07 1.12±0.15 7.47+0.63−0.64 11.17+0.20−0.08
UDS-37560 02:17:03.44 -05:15:51.3 22.72 4.40±0.14 3.95+0.35−0.34 10.35+0.22−0.17
UDS-37649 02:17:36.95 -05:16:07.3 23.14 1.25±0.31 2.82+0.44−0.48 10.31+0.11−0.07
UDS-40772 02:17:36.56 -05:12:52.0 23.19 1.96±0.31 4.00+0.98−0.98 10.87+0.00−0.40
UDS-41502 02:17:18.03 -05:11:03.9 23.23 1.59±0.20 3.73+0.44−0.43 10.59+0.09−0.33
UDS-41525 02:16:59.59 -05:14:15.4 23.34 <0.6 6.13+1.08−1.01 11.17
+0.15
−0.16
UDS-41773 02:18:07.02 -05:09:18.1 23.11 1.54±0.15 3.52+1.35−0.84 10.20+0.56−0.24
UDS-42280 02:18:11.16 -05:10:27.1 23.88 1.16±0.37 4.21+0.18−0.17 10.06+0.09−0.16
UDS-42875 02:18:21.15 -05:09:42.5 23.04 1.74±0.15 7.20+1.20−1.83 11.75+0.05−0.34
UDS-43941 02:17:43.65 -05:14:23.9 23.46 1.91±0.11 3.39+0.23−0.23 10.17+0.02−0.10
UDS-44515 02:18:20.89 -05:11:11.1 23.48 <0.6 4.20+1.35−1.35 10.59
+0.07
−0.27
UDS-44594 02:17:20.20 -05:11:55.4 23.79 0.66±0.14 4.44+0.52−0.39 10.60+0.04−0.17
UDS-45868 02:18:15.00 -05:10:02.7 23.61 <0.6 3.66+0.88−0.88 10.45
+0.13
−0.13
UDS-46241 02:17:58.31 -05:15:00.3 23.44 <0.6 2.18+0.78−0.53 9.72
+0.22
−0.38
UDS-46513 02:18:17.87 -05:11:53.9 23.84 0.58±0.11 3.54+0.95−0.93 10.31+0.11−0.19
UDS-46648 02:17:08.17 -05:15:37.8 23.52 2.27±0.20 6.88+1.67−1.74 11.37+0.30−0.43
UDS-46693 02:17:59.07 -05:09:37.5 23.47 <0.6 3.56+0.37−0.26 10.24
+0.05
−0.29
UDS-48514 02:17:29.83 -05:14:23.5 23.65 <0.6 2.59+0.93−0.83 10.04
+0.03
−0.42
UDS-49119 02:17:07.14 -05:12:54.0 23.77 1.34±0.30 4.60+1.94−1.83 10.65+0.01−0.53
UDS-49199 02:18:21.40 -05:11:46.3 23.6 <0.6 3.96+0.84−0.97 10.66
+0.04
−0.24
UDS-49594 02:18:01.13 -05:13:45.7 23.65 <0.6 3.77+0.48−0.55 9.79
+0.03
−0.26
UDS-49784 02:17:37.48 -05:09:47.7 23.6 <0.6 3.95+1.63−2.21 9.91
+0.41
−0.77
UDS-51119 02:17:58.29 -05:11:44.7 23.75 <0.6 3.45+1.16−1.16 10.25
+0.12
−0.13
UDS-52324 02:17:06.27 -05:09:48.3 23.49 2.69±0.16 4.95+1.74−1.61 10.62+0.12−0.26
UDS-54074 02:17:09.70 -05:15:11.3 23.75 0.81±0.10 5.89+1.90−2.37 10.65+0.17−0.35
UDS-63094 02:17:53.06 -05:11:25.5 23.98 <0.6 5.08+0.24−0.26 10.00
+0.08
−0.27
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Extended Data Fig. 1 | NIR and ALMA submillimeter-wavelength images of the ALMA-detected H-dropouts. Images are 6′′× 6′′, centered at the centroid of the
IRAC 4.5 µm emission. The greyscale images are F160W-band (H-band) exposures from the Hubble Space Telescope Wide Field Camera 3 (HST/WFC3). The red
solid contours are ALMA 870 µm imaging, with contour levels starting at 3σ and increasing as 4σ, 8σ, 16σ, 32σ, and 64σ. Negative contours at the same significances
are shown with red dashed lines. The cyan contours are 4.5-µm emission, starting at 2σ and increasing as 3σ, 4σ, 8σ and 16σ. The exposure times for HST/WFC3
and ALMA imaging are roughly 2 h and 2 min per object, respectively. Although these H-dropouts are not detected in the deep F160W imaging (magH & 27), they are
significantly detected with ALMA within a short integration time. 11
a b
Extended Data Fig. 2 | Physical properties of ALMA-detected and ALMA-undetected H−dropouts. The ALMA-detected and un-detected H−dropouts are shown
in blue and red, respectively. a: Main panel, the 870µm fluxes of ALMA-undetected H-dropouts are shown by their upper limits, S 870µm < 0.6 mJy (4σ). The ALMA-
undetected H-dropouts tend to have slightly fainter 4.5 µm magnitudes, with a median value of [4.5]median = 23.5 compared to [4.5]median = 23.2 for ALMA-detected
ones. The error bars for ALMA-detected H-dropouts denote their 1σ measurement error, while for ALMA-undetected H-dropouts their 4σ upper limits are shown.
Top panel, histogram showing the distribution of the 4.5-µm magnitudes of H-dropouts. The filled and open circles and their error bars denote the median 4.5-µm
magnitude as well as the 16th and 84th percentiles of ALMA-detected and undetected H-dropouts, respectively. Right panel, histogram showing the distribution of the
870-µm fluxes of ALMA-detected H-dropouts. b: Main panel, the redshift and stellar masses are derived by template-fitting of their optical-to-NIR photometry, as
described in Methods. The ALMA-undetected H-dropouts tend to be at slightly lower redshifts and have lower stellar masses, with a median redshift of zmed = 3.8 and
stellar mass of M∗,med = 1010.31M while the ALMA-detected ones have zmed = 4.0 and M∗,med = 1010.56M. The error bars represent 1σ uncertainties as determined
from our SED-fitting procedure (Methods). Top and right panels, histogram of the redshift and stellar mass distributions of H-dropouts, respectively. The filled and
open circles and their error bars denote the median redshift as well as the 16th and 84th percentiles of the ALMA-detected and undetected H-dropouts, respectively.
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Extended Data Fig. 3 | Stacked far-infrared SED of ALMA-detected H-dropouts. The stacked IR SED is derived by median stacking of the Spitzer/24µm,
Herschel/100µm, 160µm, 250µm, 350µm, 500µm, and ALMA 870µm images of the 39 H-dropouts detected with ALMA. The measured fluxes from the stacked
images and predicted fluxes from the best-fit model (solid line) are shown with the large and small open circles, respectively. Error bars (1σ) on the stacked SED are
obtained from either bootstrapping or from the statistics of the residual map (whichever is largest, as described and validated elsewhere 24). For the ALMA photometry,
the error bar is the formal error on the mean ALMA flux, and is smaller than the data point on this figure. The stacked images are shown in the row of insets at the top,
which are linked to their corresponding stacked photometric points by grey arrows. The inset histogram shows the photometric redshift distribution of the H-dropouts
based on optical-to-NIR SED fitting, which shows a median redshift of z ≈ 4. The infrared luminosity LIR and dust temperature Tdust are derived from the best-fit SED
at z = 4, the average redshift of the sample, using an empirical IR SED library calibrated on galaxies at 0 < z < 4 (ref. 13). The uncertainty on the infrared luminosity
(∆LIR) accounts for uncertainty on the photometry and on the dust temperature, but not on the mean redshift of the sample.
Extended Data Fig. 4 | Photometric redshifts of H-dropouts. a, b, S 870 µm/S 450 µm (a) and S 1.4 GHz/S 870 µm (b) colors versus redshifts for ALMA-detected H-dropouts
in CANDELS-COSMOS; c, comparison between redshifts derived from optical-to-NIR SEDs and from S 870 µm/S 450 µm colors. a, The redshifts are photometric
redshifts derived from optical-to-NIR SED fitting except for the two sources denoted in cyan squares, which are spectroscopic redshifts derived from X-SHOOTER
spectra. The S 870µm/S 450µm color for galaxies undetected at 450 µm (S/N < 2, open circles) are shown with their lower limits (using the 4σ upper limits at 450 µm).
One of the spectroscopically confirmed galaxy with zspec=3.097 is only marginally detected with S 870µm = 0.4 ± 0.1 mJy, below our conservative detection limit,
but we also include it here for illustration. The lines (see key) denote expected color evolution of different SED templates as a function of redshifts, including the
stacked IR SED of the H-dropouts. We note that the S 870 µm/S 450 µm color for both spectroscopically-confirmed sources are consistent with the average SED of ALESS
z = 4 SMGs. A few previously spectroscopically confirmed bright SMGs at z > 5 are shown by purple squares 3,72,73. b: The 1.4 GHz flux is derived from 3 GHz
assuming a spectral index of α = −0.8. A 3 σ upper limit of 7 µJy is assigned to non-detections at 3 GHz, which are shown with open circles. The dotted and dashed
lines denote the relation between S 1.4 GHz/S 870 µm and redshifts for IR SEDs with spectral index in the submillimeter region of 3 (M82-like) and 3.5 (Arp220-like),
respectively, as shown in ref. Carilli & Yun (1999) 74. The same relation for the stacked IR SED of H-dropouts is also shown (orange line). c: Comparison between
submillimeter redshifts (zFIR), derived on the basis of their S 870 µm/S 450 µm color and their stacked IR SED (orange line in the left panel), and redshifts derived from
optical-to-NIR SED fitting (zopt) for sources detected at both 450 µm and 870 µm. The cyan square denotes the source that is spectroscopically confirmed. Despite
their large dispersion, both methods suggest that most of the H−dropouts are indeed at z > 3.
13
a b
Extended Data Fig. 5 | Full best-fit model of the stacked SEDs of ALMA-detected and -undetected H-dropouts. a, ALMA-detected; b, ALMA-undetected. Here
we show the best-fit SED templates obtained with the SED-fitting tool Cigale 75. We have adopted the BC03 76 library of single stellar populations and delayed star
formation history model, with Draine & Li 77 models for the dust emission. Nebular emission based on CLOUDY templates was also included 78. ALMA-undetected
H-dropouts have much lower specific SFR (sSFR) compared to that of ALMA-detected ones. Error bars show standard measurement error (1σ.
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Extended Data Fig. 6 | X-SHOOTER spectra of two spectroscopically-confirmed H-dropouts. The two galaxies (with IDs 25363 and 32932) are shown on
separate rows. Left, main panel, the observed spectra are shown on the left as black solid lines and blue shading, with uncertainties shown in the background as a gray
shaded area. The best emission line model for Lyα is shown in red, and the centroid of the line is indicated with a vertical dotted line. The 2D spectrum is shown
on the top, aligned with the 1D spectrum. Right, smoothed cutouts of the galaxies as observed on the Subaru medium band (IB738) where Lyα was detected. The
X-SHOOTER slit is shown in blue, Spitzer–IRAC contours are shown in yellow, and ALMA contours are shown in red. The second galaxy with ID=32932 is only
marginally detected with S 870µm = 0.4 ± 0.1 mJy. The centroid of each dropout (determined from the IRAC image) is shown as a white cross.
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Extended Data Fig. 7 | H − [4.5] color versus stellar mass for massive galaxies at 3.5 < z < 6.5. Galaxies selected from the ZFOURGE catalog (left, 3.5 < z < 4.5;
right, 4.5 < z < 6.5) with HST/F160W detections (H < 27) are shown in green while the H-dropouts selected in the same fields are shown in red. The H − [4.5]
color of the H-dropouts are shown by their lower limit assuming H > 26.5(5σ). Quiescent and star-forming galaxies are shown by open and filled circles, respectively.
Quiescent H−dropouts are defined as those undetected with ALMA while quiescent ZFOURGE galaxies are defined by their specific sSFR (based on SED fitting) with
sSFR <0.3 Gyr−1 and no MIPS 24 µm detections 8.
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Extended Data Fig. 8 | Angular cross-correlation function between H-dropouts and UV-selected galaxies at 3.5 < z < 5.5. The two-point angular cross-correlation
function shown here, ω(θ), is computed for the 39 ALMA-detected H-dropouts and ∼6000 UV-detected (H-band) galaxies distributed in the same fields (CANDELS
fields COSMOS, GOODS-S and UDS, see key). The solid black line is the best-fit line for the cross-correlation from the two-halo term (> 10′′ scale). The error bars
are estimated from Poisson statistics. See Methods for details.
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